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 ABSTRACT

Measurements of penetratlon on 5111con and austenltlc stalnless steel

o have been contlnued using the same criteria as prev1ously reported (G.

Thomas, Phll Mag s l7 1097, 1968) up to 2.5 MeV u51ng the 3 MeV Toulouse

~electron microscope. The results show that penetratlon increases to

about lhu at 2. S MeV for silicon although the curve starts to flatten :

'~out above l .5 MeV, but no s1gn1f1cant gain was found for stalnless steel
= Quat 2.5 MeV). Primary knock-on damage occurs read1ly in both materials.
. The critical voltages.for Lho Silicon and 422 tantalum were measured, and

. both found to be 1. h MeV (+ lOkV)

Attempts to measure the varlatlon of radiation damage with beam

::voltage in crystalllne amlno acids as 1nd1cated oy the fadlng of dlf—
.‘fractlon patterns 1nd1cated that the damage rates apparently decrease'
Vas the voltage is raised to 2. 5 MeV. However3 it was not pOssible to

'Vdetermlne this var1at1on quantltatlvely because of dlfflcultles in

measuring the.absolute values of the critical exposures,



Although the major advantages of hlgh voltage electron mlcroscopy ' o

have now recelved some cons1derab1e attentlon, so far experlmental data
have been malnly llmlted to up- to 1 2 MeV e. g. studles of penetratlon : ":‘-5'?
(Dupouy and Perrler 1962 6& Fujlta et al. 1967, Thomas 1968 Hale and ,
Henderson-Brown 1970 Uyeda and Nonoyama 1968, Humphrles et al. 1971),
critical (dlsappearance) voltage phenomena (Uyeda 1968 Bell 1969,
La.lly et al. 1970), radlatlon da.mage (e. .g. Makin 1969, Urban and Wilkens |
iv1972 Thomas et al. 1970 Kobayashl and Ohara 1966 Glaeser 1971 Grubb |
and Groves 1971, Claffey and Parsons 1972), 1mprovements in resolutlon of-
brlght f1e1d 1mages of defects (Bell and Thomas 1972, Gorlnge et al 1972),
" and- appllcatlons in materlals sc1ence and blology (fOr reviews see for
»example-Dupony 1968; Qosslett_l9TO;LBe11;and Thomashl972;iFisher 1972).

* In 1970 Dupowy et al. -published their pioﬁeeﬁng"work- descriving
the Toulouselé MeV mieroseope; It was ant1c1pated that the advantages
B} whlch could now be attalned vould 1nc1ude 1mprovements in penetratlon.‘

' For metallic crystals prlmary.knock—on damage should be observable in

heavy metals and critioal.voltages'attainahle for a.vide range of reflec-
tions and orystals,s'HQWeveh,hknook—on damage 1imits the‘applications of_
very high voltage eleotron_microscopv‘of:inofganic materials.g:Of signi-

ficant interest is radiation‘damage_in biological and]nolymeric;specimens
,sineevthis damage handicaps the attainment,of high;;esolntion images of - - (k

v single atoms‘aﬁd'molecules, and dynamic observations.of living‘cells. o
Althongh stopping nower theoriesﬂnredict’aldecrease~in specimen lifetime _g ' é
above i MeV, i. e.‘the'radiation'oamage.should not~then decrease (e g. |

Glaeser 1071) Cosslett 1971) suggested that the electron energy de-

dep051ted in the sample is less at’ hlgher voltages so that a reductlon



'fin,radiatiOﬁtdamagevmight'then be expected.

It is obVious'thatfeX§eri—-e

=mehtal data’on this aspect are sorel& needed.;z‘»

Thus the present paper describes some results which have been

vdbtalned up to 2. 5 MeV on the Toulouse‘mlcroscope in whlch penetratlon
, measurements have been continued oa Si and stalnless steel using the

vaaﬁe criteria as‘desc:ibea previously (Thomas 1968), determinations of
' the‘disappearance toltageifer the hho,refleetiqnfin_eilicoﬁband 422 in

~tantalum were made and attempts were made to measuje radiation damage

in orgenic cfystals}(£~valine,'g1ycine),

EXPERTMENTAL

Thlck spec1mens of ep1tax1al 5111con 51ngle crystals (dlamond cubic

_ Etrugture) vere espe01ally grown for these experlments, so as to contain
- ;elativeiy hlghedensltles of'stacklng faults.in,order to facilitate the
fpehetration measﬁrements :Foils were prepared by chemical thinning in

.-fhe’ueual way. Slmllarly foils of austenltlc stalnless steel (face

centered cubic structure), wh;ch had been heat treated after_deformation

te'eontaiavtwias and.dislocation pile—ups, vere dbtained by electro-
poliehiné.'vFoilsﬂof silicon vere alsq'prepared_frem speciﬁens which had
been‘defofmea at high temperatures. o

mThin specimens of:E-taline'and giycine suitable fer radiation damage

experlments were prepared as descrlbed by Glaeser (1971) The specimens

'-500 - lOOOK thick were mounted on thin carbon support films, and the
damage estlmated»by recordlngvthe llfetlmes (tlmes to destruction) of
lcrystalllne dlffractlon patterns as a functlon of beam current and

L acceleratlng voltage, e. g Kobayvashi and Ohara (1966) Glaeser (1971)
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The'use of the'diffraction'pattern:rather than'the image, facilitates
: measuremerts because shorter photographlc exposure tlmes are requlred

Current den51t1es were ‘estimated by u51ng a Faraday cage placed

below the final projector lens (condenser aperture vas 200u, selected”>_.r”n

area aperture 50u).

The two main sources of errors in these meaSurements are: firstly,

the determlnation of‘the end—p01nts" of fading wh1ch is limited by the
time for photographlclexposure of the dlffraction pattern, (+5 sec),
and, therefore, depends on the photographlc sen31t1v1ty of the plates
at'dlfferent voltages. Secondly, there may be errors in the currenth_ .
'_vden51ty measurements by the Faraday cage method. Atfhigher.energies
electron penetratlon 1nto the cage may occur other than through the

cage aperture. Also secondary electron emission can occur 1n51de the '

cage {see c.8. Claffey and Parsons. (1972)} The‘magnltude of the error‘

in current measurement due to these factors thus depends somewhat on
the acceleratlng voltage (electron energy) Consequently, 1t.1s yery
difficult to obtain absolute values of the cr1t1cal exposures (current
density times lifetlme) at hlgh'energles. | | N

RESULTS

a) Penetratlon

Flgure 1 shows the results of the penetratlon measurements which -

. were allvcarrled-outvabove 1 MeV using the same objectlve-aperture size
. (20u) with the foils orlented to excite a low order systematic set of
reflections (220 for s111con 111 for stainless steel) vAs in the pre-
jv1ous experlments (Thomas 1968) the penetratlon llmlt was taken to
occur at that thickness at whlch 1nterference frlnges at faults (Sl) or

‘tw1ns (steel) vere -destroyed by absorptlon, care belng taken to ensure
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proper focus1ng and max1mum contrast at each stage of measurement. ~ Since

_ the Bragg angle changes w1th voltage, tlltlng is necessary to malntaln

Optimum conditions. Typlcal examples of the dlffractlng condltlons are

shown in Figs. 2b and 3b. The foil thlckness can be found accurately
from the trace of the fault plane, foil oriehtation‘(from'the Kikuchi

pattern), and the tilt angles.‘ Figure 2 shows anwexample of the method

Vused a) shows a stacklng fault 1n silicon for whlch all frlnges are

v1s1b1e at 2y thlckness at l 5 MeV. The fault 1s then traversed 1nto

the thlcker reglons ‘until the frlnges are no longer v181ble (it is

_necessary to record these end points photographlcally) keeping the

:orientation constant. |Magnifications used for obtaining the images were
_5 000 x (accurate to 5%) In Fig. 2c there are still 6—8 fringes v151ble
at 2.5 MeV at a thlckness of 1lhy (open c1rcles, Flg. l) Experxence has

shown that this condltlon corresponds to the useful practlcal llmlt for

“routine mlcrostructural characterlzatlon. Whllst channelling can 1ncrease
' ,penetration,~the resolution in the channelling mode-is poor (Bell and
Thomas 1972)'and SO this»orientation is not of significant practical

.interest.

. Figure 3 shows an example of the thickness "limit at 2.5 MeV for stain-

leSSrsteel; . The twin fringes are'damped»out but the inclined dislocations
 still show about three oscillations at each foil surface. The resolution

s good under these conditions, although screen visibility is poor and

longer than normal exposure times (5 10 secs) are necessary to obtain

such images. The thlckness at this stage is about 2. 2u It w1ll be

‘.noted that there is no 51gn1f1cant ga;n in penetratlon for stalnless
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steel betueen.l-MeV and'2 5 MeV * There is also;no significant depth
dependence of the resolutlon of the dlslocatlon llnes (top-bottom effect
Hashimoto 196h) | | |
After these results were obtalned Humphrles (1972) puollshed a _'t  '-F“?Htj
theoretical paper dlscus51ng the optlmum orlentatlons and voltages for v;
.penetratlon in metals taklng\alumlnum, 1ron and gold as representatlve,
of 1ight,;mediun and heavy elements. _Hevsuggested that 3 MeV is the-v
maximun Yoltage for lightielements, 2 MeV for medium_weight metals_and o
1 MeV for heavy metals. These results:are in general'agreementvwith‘.

the present~experimental data especially for light.elements;'although

Humphries' theory appears-to_be_more optimistic forlmedium weight metals __"'
than is actually observed (Fig 1). However, at'thesé high #oltages

knock-on damage and-associated effects alter the microstructure efg.for—
matlon oficlustered point defects, (Figs..é 3), and:decoration of dislocations l
E(Gorlnge et al. 1972), so that apart from 1nvest1gat10ns of rad1at10n

'damage and lts appllcatlons for reactor technology, acceleratlng voltages

above 1 to 2 MeV may not be very useful for metallurglcal research

b) Measurement of Crltlcal Voltages

The critical voltages for hho silicon and h22 tantalum vere - measured
both by_us1ng-the Kikuchi line and divergent beam techniques (Bell 1970;
Lally et al. 1972) and the voltage callbrated by taklng low magnlflca-_

v

tlon Klkuchl patterns (Thomas 1970) The values obtained were, coinci- -

¥ ThlS result has been conflrmed using an 1ndependent method by Drs.
Jouffrey and Reynaud at Toulouse.



'.’ dentally, the same nz.; sl(hho) 1.k MeV, Ta(hzz) 1. h MeV, %o w1th1n .
exper1mental error (+'10kV) | |
Observatlons of dlslocatlons and radlatlon 1nduced defects 1n
Slllcon in. the 440 eritical voltage condltlon conflrmed that there is a
"gain in coritrast (due to the 1ow background), resolutlon; and 51mp11c1ty
of the 1mage {Bell and Thomas (1972) Gorlnge et al. (1972)} |

e) - Radiation Damage in Amlno ‘Acids.

o Measurements of the relatlve current den31t1es ‘vs. llfetlme of
‘spec1mens correspondlng to the complete fadlng of the diffraction patterns'
. of vallne and glyc1ne at each voltage conflrmed that the 11fet1mes are

1ndependent of dose rate (Glaeser 1971) so that heatlng effects are
negllglble in the damaglng processes.

Unfortunately, it was not p0331ble to make absolute measurements of
the crltlcal exposuresvas a functlon of voltage above l MeV. However,
the relative cr1t1ca1 exposures apparently 1ncrease up ‘to 2.5 MeV
,lndlcatlng that the’ rate of radlatlon damage may decrease with increasing
beam energy. This possibillty requlres further.examlnatlon and 1t is |
clear that more experlmental and theoret1ca1 research is urgently needed
on thls problem. Naturally further experlmental work 1s continuing at
'Toulouse'(G. Dupouy private communlcatlon) and at Berkeley vhere Linac

;experlments are belng planned (Glaeser et al. 1973). If decreases in

'-'radlatlon damage contlnue to hlgher voltages, it v1ll be necessary to

evaluate whether or not very high voltage, hlgh resolutlon (= 2X

electronﬂmicroscopes,(5—10 MeV) may be de51rablepfor future research,

‘in spite of their enormous costs. -
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SUMMARY
Electron microscopy above l MeV appears to be partlcularly -promising

- for the study of organlc materials. because of the apparent reductlon 1n .

4 rad1at10n damage and, consequently, 1mproved resolutlon. It is essentlal .

for more.research to be done to check this p0551b111ty. Experlmentally ‘
accurate mefhods for determiniﬁgvcritical exposures for complete damage_
are needed. More-theoreticalvuork is'alsovrequired to analyse' the

scatterlng and damage processes

In 1norgan1c materlals the galn in penetratlon with voltages above L

. 1
1 MeV appears . to be 51gn1f1cant only for light materlals such as 5111con,

'and thls may be 1mportant for semlconductor research.- Cr1t1cal voltages
can be measured for a w1de range of reflectlonsvand materlals if a 3 MeV
microscope is avallable. Knock-on damage in crystals can also be 1ne
vestlgabed directly}
Acmo@méE@Ts |
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 FIGURE CAPTIONS = -

i."Penetraiibﬁ.dafa:obtaiﬁéé:fof silicohvénd_stainlésé steél;
Oben.circléé corrgspénd to thicknésses'for which up to six fringes
are ﬁiSible_at étacking.faults, Cléééd triangles.corresponditq'
totéi loss of fringes. vThe.dpen tfiangle at 2.5 MeV cbrfespbﬁds

to the thiqkness'forVWhich'glijfringesvaré just visible. A1l

'results'obtained for systematic reflections as shown in Figs. 2,3.
2. Examples of ‘the fringe techniqdc‘for 6btdining the data of

_Fig. 1. (b)>shows the 6rientation of the systematic 220 set of

‘refiections - bright field images a, ¢ obtained for g = 220 with

'v_”§ slighfly.pQSitiye,;'Thicknesses_obtained_from the fault traces. ;

© Fig.

3. Similar to Fig. 2 but for austenitic stainless steel. (a)
bright field image g = 111 (s slightly positive).) Notice good

dislogation resolution but no fringe contrast at the twin inter-

‘faces; irradiation damage is e#ident. Thickness 2.2u at 2.5 MeV.
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